Choi, Y, Akazawa, N, Zempo-Miyaki, A, Ra, S-G, Shiraki, H, Ajisaka, R, and Maeda, S. Acute effect of high-intensity eccentric exercise on vascular endothelial function in young men. J Strength Cond Res 30(8): 2279-2285, 2016-Increased central arterial stiffness is as an independent risk factor for cardiovascular disease. Evidence regarding the effects of high-intensity resistance exercise on vascular endothelial function and central arterial stiffness is conflicting. The purpose of this study was to examine the effects of acute high-intensity eccentric exercise on vascular endothelial function and central arterial stiffness. We evaluated the acute changes in endothelium-dependent flow-mediated dilation (FMD), low-flow-mediated constriction (L-FMC), and arterial stiffness after high-intensity eccentric exercise. Seven healthy, sedentary men (age, 24 6 1 year) performed maximal eccentric elbow flexor exercise using their nondominant arm. Before and 45 minutes after eccentric exercise, carotid arterial compliance and brachial artery FMD and L-FMC in the nonexercised arm were measured. Carotid arterial compliance was significantly decreased, and b-stiffness index significantly increased after eccentric exercise. Brachial FMD was significantly reduced after eccentric exercise, whereas there was no significant difference in brachial L-FMC before and after eccentric exercise. A positive correlation was detected between change in arterial compliance and change in FMD (r = 0.779; p # 0.05), and a negative correlation was detected between change in b-stiffness index and change in FMD (r = 20.891; p , 0.01) with eccentric exercise. In this study, acute high-intensity eccentric exercise increased central arterial stiffness; this increase was accompanied by a decrease in endothelial function caused by reduced endothelium-dependent vasodilation but not by a change in endothelium-dependent vasoconstriction.
INTRODUCTION
C entral arteries (e.g., aorta) provide buffer function to level off fluctuations in blood pressure and blood flow (39) . However, increased central arterial stiffness reduces this buffer function and subsequently leads to an increase in systolic blood pressure and pulse pressure. (41) . Increased central arterial stiffness has also been identified as an independent risk factor for future cardiovascular disease (26) . High-intensity resistance exercise is recommended for maximizing strength and muscle hypertrophy (1) . However, research has shown that both acute (14, 16, 21) and chronic (9, 12, 34, 35) high-intensity resistance exercise leads to increased central arterial stiffness in young subjects, although this is not a universal finding (6, 22, 23, 43) . This possible increased central arterial stiffness with both acute and chronic high-intensity resistance exercise is related to upper-limb exercise (16, 40) and is not found in lower-limb exercise (22, 23) .
Previous studies have reported that high-intensity resistance training did not change vascular endothelial function (6, 28, 44) . However, the effects of acute high-intensity resistance exercise on vascular endothelial function are under debate. Several studies have shown that acute highintensity resistance exercise may decrease vascular endothelial function (42, 50) , whereas other studies have found either no effect on (42) , or even an increase in vascular endothelial function with acute high-intensity resistance exercise (10, 42, 50) . Thus, the effects of acute high-intensity resistance exercise on vascular endothelial function remain unclear.
High-intensity resistance exercise is associated with elevated oxidative stress and inflammation (3) (4) (5) 8, 17, 24, 31) , both of which acutely impair endothelial function (19) . Because increased arterial stiffness may be associated with reduced endothelial function (7, 38 ), 1 possible mechanism by which high-intensity resistance exercise induces an increase in central arterial stiffness is through a decrease in endothelial function. However, it is unclear whether highintensity resistance exercise produces this effect. Endothelial function is commonly assessed by endothelium-dependent flow-mediated dilation (FMD) (11) , which reflects the nitric oxide (NO) bioactivity in response to increased blood flow. Recently, Gori et al. (18) have described low-flow-mediated constriction (L-FMC), a novel index that evaluates the endothelium-dependent response of the artery to the lowflow state using data obtained from the cuff-occlusion period of FMD assessment. Low-flow-mediated constriction may be partly mediated by endothelin-1 (ET-1), a potent vasoconstrictor peptide produced by vascular endothelial cells (47) , and is considered an endothelium-dependent constrictor function (13) .
The purpose of this study was to examine the effects of acute high-intensity resistance exercise using eccentric exercise protocol on vascular endothelial function and central arterial stiffness. We hypothesized that acute highintensity eccentric exercise would decrease endothelial function and increase central arterial stiffness. This study evaluated the acute changes in endothelium-dependent FMD, L-FMC, and carotid arterial stiffness after highintensity eccentric exercise.
METHODS

Experimental Approach to the Problem
This study investigated the acute effects of high-intensity eccentric exercise on vascular endothelial function and central arterial stiffness, as determined by brachial artery FMD and L-FMC, and carotid arterial compliance. Participants, who have no experience of resistance training in the past, performed 1 set of 50 maximal eccentric elbow flexor exercise using their nondominant arm. To determine acute effect of high-intensity eccentric exercise, brachial FMD, L-FMC, and carotid arterial compliance were measured before and at 45 minutes after the acute exercise. Thus, the independent variables were "pre-exercise (rest)" and "postexercise" measurement timing, and the dependent variables were brachial FMD, L-FMC, and carotid arterial compliance.
Subjects
A total of 7 healthy young men (age, 21-28 years) participated in this study. All subjects had led a sedentary lifestyle (no regular physical activity) for at least 1 year before the start of the study. To better isolate the effect of acute exercise, those who were previous resistance-trained athletes (i.e., bodybuilder) were excluded. They were normotensive and nonobese, and none of the subjects exhibited signs or symptoms, or had a history of, any chronic diseases. Furthermore, all were nonsmokers, and none was taking any medications, anabolic steroids, or antioxidant-containing dietary supplements at the time of the study. This study was approved by the Ethical Committee of the University of Tsukuba. This study conformed to the principles outlined in the Helsinki Declaration, and all the subjects provided their written informed consent before their participation.
Procedures
Study Design. All subjects had refrained from alcohol and caffeine for at least 12 hours, and intense physical activity (exercise) for at least 48 hours before the experimental session to rule out any possible acute effect. The subjects had rested in the supine position for a minimum of 15 minutes in a quiet, temperature-controlled room (25-268 C) . With the subject in the supine position, resting brachial blood pressure, heart rate, carotid artery compliance, and brachial endothelial function were measured. After these measurements, blood sampling was performed to determine metabolic risk factors. Each subject then performed eccentric exercise using his nondominant elbow (15) . The preexercise measurements (brachial blood pressure, heart rate, carotid artery compliance, and brachial endothelial function) were repeated 45 minutes after exercise.
Resting Blood Pressure and Heart Rate. Systolic and diastolic blood pressures and heart rate were measured in the nonexercised arm with the subject in the supine position using a semi-automated system (Dinamap; GE Healthcare, Salt Lake City, UT, USA).
Carotid Artery Compliance. Carotid artery compliance was noninvasively determined using a combination of ultrasound imaging of a common carotid artery with simultaneous applanation of tonometrically obtained arterial pressure from the contralateral carotid artery, as previously described (36) . The common carotid artery diameter was measured from the images derived from an ultrasound machine (EnVisor; Koninklijke Philips Electronics, Eindhoven, the Netherlands) equipped with a high-resolution (7.5 MHz) linear-array transducer. Cross-sectional compliance was calculated on the basis of the change in the cross-sectional area (dA), local pulse pressure (dP), arterial diameter (D), and the change in arterial diameter (dD) during the heart cycle using the formula cross-sectional compliance = dA/dP, and dA was calculated as dA = p 3 (
The pressure waveforms of the left common carotid artery were recorded with an applanation tonometry device (form PWV/ABI; Colin Medical Technology, Komaki, Japan) and calibrated by equating the mean arterial and diastolic blood pressure values of the carotid artery to those of the brachial artery.
The b-stiffness index provided an index of arterial compliance adjusted for distending pressure, as previously described (36) . In brief, the b-stiffness index was calculated using the equation b = In (Ps/Pd)/[(Ds2Dd)/Dd], where Ds and Dd are the maximum and minimum inner arterial diameters, and Ps and Pd are the highest and lowest blood pressure. All image analyses were performed by the same investigator.
Flow-Mediated Dilation and Low-Flow-Mediated Constriction. Brachial artery FMD was measured according to guidelines (48) using a novel stereotactic probe-holding device equipped with an edge-tracking system for 2D imaging and pulsed Doppler flow velocimeter for automatic measurement (UNEXEF; Unex Co. Ltd., Nagoya, Japan) as previously described (27) . A high-resolution linear artery transducer was coupled to computer-assisted analysis software that used an automated edge detection system for measurement of brachial artery diameter. In brief, the diameter of the nonexercised brachial artery at baseline was measured in place 5-10 cm proximal to the antecubital fossa by using a 10-MHz linear-array transducer probe. The cuff distal to the measurement site was then inflated to 50 mm Hg above systolic blood pressure for 5 minutes and deflated. The diameter at the same point of the artery was monitored continuously for 3 minutes after deflation of the cuff, and the maximum dilation after deflation was recorded. Flow-mediated dilation was calculated as the percent change in the arterial diameter divided by the baseline value at maximal dilation after the cuff deflation, or FMD (%) = ([maximal diameter 2 baseline mean diameter]/baseline mean diameter) 3 100.
Generally, L-FMC data were obtained from the cuff occlusion period of FMD assessment (18, 20) . Low-flowmediated constriction can also be determined after the cuff deflation period because L-FMC persists for period immediately after deflation. Indeed, our laboratory's pilot data suggest that subjects' brachial artery diameters during the cuff occlusion period and immediately after cuff deflation were the same. Thus, we measured the brachial artery diameters in the first 10 seconds after cuff deflation instead of brachial artery diameters of the cuff occlusion period. Low-flow-mediated constriction was expressed as the percent change in the arterial diameter over the baseline value at minimal values immediately after cuff deflation, or L-FMC (%) = ([minimal diameter immediately after the cuff deflation 2 baseline mean diameter]/baseline mean diameter) 3 100.
Blood Biochemical Analysis. Before blood sampling, the subjects had fasted for at least of 12 hours overnight. Fasting serum cholesterol and plasma glucose concentrations were determined using standard enzymatic techniques.
Eccentric Exercise. The high-intensity eccentric exercise was based on previous research in which elbow flexor eccentric exercise using a Biodex isokinetic dynamometer (System 3) was used (15) . The nondominant arm was selected for exercise to minimize the effects on daily activity. Subjects were seated on the dynamometer chair with the arm supported and were stabilized at the waist and chest. Starting with the elbow flexed to 508 and ending at an angle of 1708, each subject performed 1 set of 50 maximal eccentric movements of the elbow flexor, at an angular velocity of 1208$s 21 . Subjects were verbally encouraged to produce a maximal effort to resist extension of the elbow by the dynamometer. Subjects were given a 12-second rest between each contraction, during which time the dynamometer arm returned passively to the starting position.
Statistical Analyses
Values are expressed as mean 6 SE. Mean differences between before (rest) and after exercise were examined using a paired ttest. Associations between the change in central arterial stiffness and the change in FMD were determined by Pearson's correlations. All statistical analysis was performed using SPSS Statistical Package Version 11.0 (SPSS Inc, Chicago, IL, USA) with statistical significance set at p # 0.05. Cohen's d effect sizes were also calculated to determine the magnitude of change, and d . 0.80 was accepted as a large effect.
RESULTS
Subject characteristics are presented in Table 1 . Subjects' mean age was 24 6 1 year; height was 171 6 1 cm; weight was 64 6 2 kg and body mass index was 22.1 6 0.8. All subjects' serum lipid and plasma glucose levels were within Table 2 . There were no changes in systolic blood pressure, diastolic blood pressure, or heart rate before and 45 minutes after eccentric exercise. Figure 1 shows the changes in central arterial stiffness before and 45 minutes after exercise. Carotid arterial compliance was significantly decreased (p , 0.01; effect size = 0.87), and b-stiffness index was significantly increased (p # 0.05; effect size = 0.85) after eccentric exercise (Figure 1 ). Brachial FMD was significantly reduced 45 minutes after eccentric exercise (p # 0.05; effect size = 1.58; Figure 2 ). There was no significant difference between brachial L-FMC before and 45 minutes after eccentric exercise (p = 0.295; Table 3 ). Baseline arterial diameter and minimal diameter immediately after cuff deflation was not altered by eccentric exercise; nor was time to peak (Table 3) . However, maximal diameter after cuff deflation was significantly reduced after eccentric exercise (p # 0.05; effect size = 0.56; Table 3 ). A positive correlation was detected for change in arterial compliance and change in FMD with eccentric exercise (r = 0.779; p # 0.05; Figure 3A) . Similarly, a negative correlation was detected for change in b-stiffness index and change in FMD with eccentric exercise (r = 20.891; p , 0.01; Figure 3B ).
DISCUSSION
The main finding of this study was a decrease in endothelium-dependent vasodilator function (reduced FMD) with increase in central arterial stiffness after highintensity eccentric exercise. Furthermore, the decrease in endothelium-dependent vasodilator function was associated with an increase in central arterial stiffness. These data suggest that acute high-intensity eccentric exercise increases central arterial stiffness, and that this increase is accompanied by a reduction in endothelium-dependent vasodilator function.
Previous research has found increased central arterial stiffness with acute high-intensity whole-body resistance exercise and resistance exercise training (12, 14, 21, 35) . In particular, the increased arterial stiffness after the exercise is associated with upper-limb exercise but not lower-limb exercise (40) . Several studies have examined the acute effects of high-intensity upper-limb resistance exercise on arterial stiffness (2,16). DeVan et al. (14) have suggested that the effects of acute resistance exercise on the arterial adaptations seem to be transient, lasting no longer than 1 hour. Because measurements in previous studies were taken at 15 minutes or 90 minutes (these time point still have been influenced by elevated blood pressure or an exceeded peak vascular response) (2, 16) , the results may have been inappropriate to measure the acute effects of exercise on vascular function. Furthermore, Hellsten et al. (24) have reported that inflammation was significantly increased 45 minutes after resistance exercise using eccentric exercise protocol. Inflammation is associated decrease in endothelial function (19) , which is affecting the regulation of arterial stiffness. Therefore, we measured arterial function 45 minutes after eccentric exercise in this study, showing that high-intensity upper-limb eccentric exercise increases central arterial stiffness without the influence of other factors (elevated blood pressure or an exceeded peak vascular response).
Endothelial function affects the regulation of arterial stiffness (33, 52) . Indeed, it has been reported that NO and ET-1, potent vasodilator and vasoconstrictor substances released from the endothelium, participate in the regulation of arterial stiffness (29, 33, 51) . In this study, we assessed endothelium-dependent vasodilator function by concurrently measuring FMD and vasoconstrictor function by measuring brachial L-FMC. There were greater reductions in FMD responses with no changes in L-FMC responses after high-intensity eccentric exercise. Moreover, there were strong associations between the change in brachial artery FMD and change in carotid artery stiffness. These results indicate that the decrease in endothelial function caused by decreased endothelium-dependent vasodilator function, not by a change in endothelium-dependent vasoconstrictor function, increases arterial stiffness after high-intensity eccentric exercise.
Previous studies have shown that high-intensity resistance training did not change vascular endothelial function (6, 28, 44) . However, the effects of acute high-intensity resistance exercise on vascular endothelial function are conflicting. Several studies have shown that acute high-intensity resistance exercise in sedentary individuals may decrease vascular endothelial function (42, 50) . On the one hand, other studies have found that acute high-intensity resistance exercise did not alter vascular endothelial function in athletes (42) , or increased vascular endothelial function in sedentary individuals or athletes (10, 42, 50) . In this study, we demonstrated that acute high-intensity upper-limb eccentric exercise in sedentary men decreases vascular endothelial function. This discrepancy in the current and previous studies may be related to the subject population (e.g., untrained vs. trained), exercise method (upper-body exercise vs. lowerbody exercise), or exercise muscle contraction (eccentric vs. concentric).
To the best of our knowledge, this is the first study to investigate the responses of both endothelial function and central arterial stiffness after high-intensity eccentric exercise. Few studies have reported that acute resistance exercise reduced endothelial function (42, 50) . However, these studies did not measure endothelial function and arterial stiffness at the same time. In this study, we found that endothelial function decreases after high-intensity upper-limb eccentric exercise, and that this reduction was associated with an increase in central arterial stiffness. Thus, it is possible that changes in endothelial function could account for the mechanism underlying eccentric exercise-induced increase in arterial stiffness.
It is not clear why endothelial function is decreased acutely after high-intensity eccentric exercise. Many previous studies have reported that high-intensity eccentric exercise increases blood oxidative stress (8, 17, 31) . Eccentric exercise increases free radical production through various pathways, including mitochondrial electron transport, ischemia-reperfusion injury, and inflammation (24, 32, 46, 49) . In particular, superoxide anions (O 2 2 ) can be normally dismutated by superoxide dismutase (SOD) in endothelial cells (37) ; they also scavenge NO, resulting in the formation of peroxynitrite (45) . This reduces considerably the bioavailability of NO (30) . Thus, it is possible that increases in oxidative stress and inflammation after eccentric exercise are associated with reduced endothelium-dependent vasodilation.
This study had several important limitations. First, L-FMC was assessed immediately after cuff deflation period of FMD assessment. However, our pilot study has confirmed that brachial artery diameters during the cuff occlusion period and immediately after cuff deflation were the same. Thus, we measured the brachial artery diameters in the first 10 seconds after cuff deflation instead of brachial artery diameters of the cuff occlusion period. Second, this study was conducted with a small sample size. Effect size was calculated using Cohen's d for significant results (i.e., central arterial stiffness and FMD) to determine the magnitude for change. We observed large effect sizes for the changes in arterial compliance, b-stiffness index, and FMD after eccentric exercise (0.87, 0.85, and 1.58, respectively). Third, we did not include a nonexercising control group. Finally, the physiological or clinical significance of our finding is unclear in this study. Furthermore, the link between acute and chronic effects of resistance exercise on vascular endothelial function is unclear. Further studies as to whether changes in vascular endothelial function after eccentric exercise participate in the physiological regulation and/or adaptation after exercise are needed.
In conclusion, this study has shown for the first time a significant reduction in endothelium-dependent vasodilator function after high-intensity eccentric exercise but no change in endothelium-dependent vasoconstrictor function after the exercise. In addition, central arterial stiffness was increased after high-intensity eccentric exercise, and the decrease in endothelium-dependent vasodilator function was associated with an increase in central arterial stiffness. These results suggest that acute high-intensity eccentric exercise increases central arterial stiffness, and that this increase is accompanied by a decrease in endothelial function caused by the reduction of endothelium-dependent vasodilation but not by a change in endothelium-dependent vasoconstriction.
PRACTICAL APPLICATIONS
Resistance exercise has favorable effects on the musculoskeletal system and recommended by the major national health organizations (e.g., American College of Sports Medicine and American Heart Association). Resistance exercise typically incorporates a mixture of concentric, eccentric, and isometric muscle contraction. In particular, eccentric exercise is more effective than concentric exercise to improve muscle strength (25) , and often used by athletes and other individuals. This is the first study to demonstrate the acute high-intensity eccentric exercise decreases in vascular endothelial function with increasing central arterial stiffness. Although these findings are limited to elbow flexor eccentric exercise, our results indicate that high-intensity eccentric exercise may have acute unfavorable cardiovascular effect in young men.
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